1. Introduction {#s0005}
===============

1.1. Systemic sclerosis {#s0010}
-----------------------

Systemic sclerosis (SSc, also called scleroderma) is a rare and heterogeneous connective tissue disease with a prevalence of 50--300 cases per million people, greater in population of European ancestry and lower in Asian groups. The disease affects mostly women (male: female ratio: 3--14:1) with an annual incidence ranging from 10.9 cases/million up to 43 cases/million) [@bib1]. This chronic inflammatory disease is characterized by vascular abnormalities, autoimmunity and fibrosis of the skin and visceral organs. Microangiopathy occurs at an early step of the SSc as almost all patients develop Raynaud phenomenon and many show other manifestations of small vessel disease, including ischemic digital ulcers, pulmonary arterial hypertension and renal arterial involvement associated with malignant hypertension and renal failure. Autoimmunity is characterized by the presence in almost all patients of autoantibodies directed against nuclear antigens with some specificity being associated with extension of skin fibrosis and certain type of visceral involvement. Other autoantibodies directed against membrane antigens from fibroblasts and endothelial cells are also frequently observed. Scleroderma is characterized by an excessive production of extracellular matrix proteins (e. g. collagen) causing progressive interstitial and perivascular fibrosis of skin and visceral organs (mainly lung, kidney and digestive tract). The extension of skin fibrosis characterizes the form of the disease as diffuse or limited. The pathophysiology of SSc is very complex, with an interaction of genetic and environmental factors. The disease needs a trigger, such as an infection or exposure to toxic and occurs on a susceptible genetic background. Furthermore, several types of cells interact during SSc development such as innate and adaptive immune cells, fibroblasts, endothelial and smooth muscle cells and are dysregulated in scleroderma.

Despite an estimated heritability quite low (about 5%) in a study including 42 sets of twins [@bib2], having an affected first-degree relative increased the risk of SSc 13 times compared to the general population [@bib3], thus indicating that genetic factors play an important role in SSc. As in other complex diseases, numerous genetic susceptibility loci have been identified, and for each, the relative odd ratio was quite low. However, most identified associated genes are concentrated in a few specific pathways involved in immunity, such as the HLA system, T-cell and B-cell co-stimulatory molecules, the type I interferon, the Interleukin-12 and the TNF pathway and family as well as molecules involved in the debris clearance, autophagy and various detoxification mechanisms, [@bib4].

Exposure to toxic or infectious agents remains the major environmental factors that trigger the disease. Their pathophysiological consequences seem to involve the induction of an oxidative burst that first impacts endothelial cells leading to vascular hyperreactivity, endothelial cells apoptosis and ischemia reperfusion events which may participate in a vicious circle of ROS overproduction causing autoimmunity by ROS-induced antigen post-translational modifications. Overproduction of ROS and activation of endothelial and immune cells lead to chronic inflammation and activate fibroblasts causing aberrant wound healing and fibrosis of the skin and visceral organs. Data from animal model support this sequence of events. Indeed, a chronic oxidative stress of the skin induced by direct exposure to pro-oxidative agents such as hydroxyl radicals, hypochlorous acid or bleomycin is sufficient to induce all the feature of the disease with fibrosis of the skin and visceral organs, vascular involvement and autoimmunity [@bib5].

1.2. ROS in SSc {#s0015}
---------------

In patients with SSc, an oxidative stress, as defined by an imbalance between an oxidant and an anti-oxidant states, is classically observed. Indeed, according to a recent meta-analysis, several oxidative stress biomarkers, such as malondialdehyde (MDA- a marker of lipid peroxydation), nitric oxide and endogenous nitric oxide inhibitor asymmetric dimethylarginine (ADMA) are found higher in the blood of SSc patients than in controls [@bib6]. By contrast, anti-oxidative biomarkers, such as superoxide dismutase and vitamin C, are lower in SSc patients' blood than in controls [@bib6]. Oxidative-induced post-translational protein modifications, such as advanced oxidation protein products (AOPP) are also increased in the plasma of SSc patients compared to non-SSc controls [@bib7]. In SSc, the oxidative stress biomarkers were also found elevated in other biological samples apart from blood. SSc patients have higher urinary levels of 8-Oxo-2′-deoxyguanosine (8-oxodG) and isoprostanes that are produced *in vivo* by free radical-catalyzed peroxidation of arachidonic acid compared to controls [@bib8]. In addition and relevant to the visceral involvement of the disease especially in the lung, patients with systemic sclerosis exhale more hydrogen peroxide (H2O2) [@bib9] and nitric oxide [@bib10] compared to healthy controls. Skin autofluorescence, a method for noninvasive assessment of advanced glycation endproducts as an indirect evidence of oxidative stress, was also measured and shown to be increased in patients with SSc compared to healthy controls [@bib11].

In addition to these easily measurable biomarkers, the cell types involved in SSc pathophysiology also show evidence of an endogenous oxidative stress. Fibroblasts extracted from either fibrotic or non fibrotic skin of patients with SSc showed higher ROS levels as compared to skin fibroblasts from healthy control [@bib12], [@bib13], suggesting that oxidative stress may be an early event in the disease pathogenesis. In addition to fibroblasts, high levels of ROS have also been measured *ex vivo* in different cell types from SSc patients like monocytes [@bib14], T lymphocytes [@bib15] and erythrocytes [@bib16] compared to healthy donor cells.

In addition, hydrogen peroxide production was shown to be higher in endothelial cells and fibroblasts incubated with serum samples from SSc patients compared to healthy controls. The levels of ROS induced by SSc sera on endothelial cells and fibroblasts were increased in patients with diffuse SSc compared to patients with a limited form of the disease and was shown to be mediated by the presence of AOPP whose levels are increased in diffuse SSc and independent to levels and types of SSc auto-antibodies present in patients sera [@bib7]. These data are consistent with the role of ROS-induced oxidized proteins on the systemic spreading of the disease.

In this review, we will highlight the role of ROS in the various pathological components of SSc, namely the inflammatory, the autoimmune and the fibrotic processes, and in turn emphasize how these situations can influence the oxidative status of the cell involved in SSc ([Fig. 1](#f0005){ref-type="fig"}). We will then feature the therapeutic approaches targeting oxidative stress in SSc.Fig. 1**The vicious circle between ROS and the pathological components of Systemic Sclerosis.**The above figure summarizes the interplay of reactive oxygen species and the key players in the 3 different pathological components of SSc, namely inflammation, autoimmunity and fibrosis. For more details, see the corresponding subsections in the text.Fig. 1

2. ROS and inflammation in SSc {#s0020}
==============================

2.1. ROS and Macrophages in SSc {#s0025}
-------------------------------

Macrophages are central in inflammation with the first responder being the pro-inflammatory M1 macrophages (classically activated) that are reacting to pathogen or sterile tissue injury through phagocytosis and by secreting pro-inflammatory cytokines and recruiting other immune cells, followed by the alternatively activated M2 macrophages that are responsible for the inflammation resolution with the pro-fibrotic wound-healing properties. As this dual model is oversimplified, and macrophages are able to display both M1 and M2 markers as well as numerous intermediate states, it is not surprising that signature of both M1 and M2 macrophages were described in SSc [@bib17], [@bib18]. However, several studies point toward the involvement of the "M2-type" monocyte/macrophages from the blood and affected tissues in the fibrotic tissue of SSc patients [@bib19], [@bib20]. Compelling evidence of macrophage involvement also comes from gene expression analysis in an hypotheses-free approach, of SSc tissues compared to one another or to healthy skin that revealed macrophage signatures [@bib20], [@bib21].

Oxidative stress is important for macrophage polarization, especially for M2 differentiation that is blocked by an inhibition of superoxide production [@bib22]. Interestingly, STAT6 was shown to be involved in M2 macrophage polarization [@bib23], and can be activated by ROS in T cells [@bib24]. Thus it can be hypothesized that ROS may be responsible for the M2 polarization via STAT6 induction in SSc. Consistent with this hypothesis, leflunomide, a STAT6 inhibitor, prevented SSc symptoms in the HOCl and bleomycin induced mouse models of SSc, and restored polarization of macrophages from M2 into M1 [@bib25].

2.2. ROS and inflammasome in SSc {#s0030}
--------------------------------

In addition to macrophages, other cells are involved in inflammation (fibroblasts, endothelial cells) through their inflammasome, that was also described as involved in SSc [@bib26]. In particular, it was shown that NRLP3 was overexpressed in SSc skin biopsies [@bib27], and was involved in collagen synthesis by fibroblasts through the microRNA miR-155 induction [@bib28]. NLRP3 absence (knockout model) prevents skin fibrosis development in the bleomycin-induced SSc in mice [@bib29].

Oxidative stress could also modulate NLRP3 activation [@bib30]. Indeed, the crystal structure of NLRP3 suggests that this molecule is highly sensitive to altered redox states [@bib31]. Indeed, in podocytes, NLRP3 is activated through NADPH oxidase activation and superoxide production, whereas a SOD mimetic and the H~2~O~2~ scavenger catalase reduced NLRP3 activation [@bib32]. In endothelial cells, a positive correlation was also observed between ROS production and NLRP3 activation [@bib33]. Thus, if this hypothesis has not been explored so far, it is tempting to speculate that NLRP3 activation in SSc may be due to oxidative stress. Interestingly, silencing miR-155 in an endothelial cell line decreased ROS production [@bib34]. Treatment of liver cells with catalase decreased miR-155 expression and substantially increased Nrf2 expression, whereas blocking Nrf2 increased miR-155 expression [@bib35]. These data suggest that miR-155 could inhibit Nrf2 leading to ROS overproduction and NLRP3 activation, this way contributing to SSc pathogenesis.

3. ROS and autoimmunity in SSc {#s0035}
==============================

3.1. ROS and autoantibodies in SSc {#s0040}
----------------------------------

It has been shown that 95% of patients with systemic sclerosis have circulating antinuclear autoantibodies (AAbs) in the blood. The most frequent are the anti-topoisomerase I (ATA) and the anti-centromere (CENP) AAbs. These AAbs are a serological hallmark of SSc and are used as biomarkers for establishing an early and accurate diagnosis [@bib36]. However, most of the autoantibodies used for diagnosis don't have proven pathogenic features but some are associated with specific clinical involvement. Of note, the ATA is associated with a diffuse form of SSc with increased mortality with pulmonary fibrosis, musculoskeletal and cardiac involvement [@bib37]. Several other AAbs not specific for nuclear antigens have been described in SSc such as anti-fibroblasts and anti-endothelial cells, anti-fibrillin-1, anti-PDGF receptor, anti-endothelin type A receptor and anti-angiotensin II type I receptors, but their detection is highly variable among patients. Some of them are thought to be involved in the pathogenesis of SSc, but the specific involvement of each one is beyond the scope of this review (see [@bib38] for more details about this aspect).

As already mentioned above, it has been suggested that oxidative stress plays an important role in the pathophysiology of scleroderma, and this role could include its impact on the autoimmune component of the disease. A study in mice showed that oxidation of the DNA topoisomerase I autoantigen is sufficient to break the tolerance towards this antigens leading to autoimmunity with the production of anti-topoisomerase I autoantibody and the accentuation of the disease by increasing fibroblast proliferation and type I collagen mRNA synthesis, as well as by increasing H~2~O~2~ production by endothelial cells [@bib5]. This suggests that H~2~O~2~-induced protein oxidation can create neoepitopes that can lead to autoantibodies production. This was substantiated by a study from Casiola-Rosen L et al. showing that oxidation of DNA topoisomerase I by the Fenton reaction was able to modify this antigen and to increase its immunoreactivity towards anti-DNA topisomerase I Abs found in sera from SSc patients [@bib39].

In addition, some autoantibodies in SSc recognize antioxidant enzymes. As an example, anti-peroxiredoxin and anti-methionine sulfoxide reductase A (MSRA) are detected at high level in 33% of SSc patients [@bib40], [@bib41]. The anti-peroxiredoxin I is associated with the severity of the disease. Peroxiredoxin have a peroxidase activity that can notably reduce hydrogen peroxide. The presence of antiperoxiredoxin I autoantibodies in the serum of SSc patient induce a 59% inhibition of peroxiredoxin I enzymatic activity. Anti-MSRA autoantibody is associated with pulmonary fibrosis and longer disease duration. MSRs have many functions, including the inactivation of oxidized proteins by methionine reduction. The anti-MSRA autoantibody is also able to inhibit the target enzyme activity by about 50%. Altogether, these autoantibodies inhibit the function of the recognized anti-oxydant enzymes and could then participate in the chronic oxidative stress observed in SSc.

Anti-PDGF receptors AAbs are also observed in a large proportion of patients with diffuse SSc. These AAbs are able to activate the PDGF receptors on fibroblasts and to activate the downstream MAP kinase pathways leading to overproduction of ROS that amplify ERK phosphorylation and participate in myofibroblasts conversion and collagen synthesis [@bib42]. Furthermore, other AAbs found in SSc patients are also able to induce ROS production, maintaining this vicious circle in SSc. It is the case of an agonistic anti-ICAM-1 antibody, which binds to the adhesion molecule ICAM-1 on the surface of human endothelial cells inducing ROS production *in vitro* [@bib43].

3.2. ROS, T and B cells in SSc {#s0045}
------------------------------

In addition to antigens, ROS can also have a direct impact on B and T cells differentiation and activation. Indeed, a study has showed that imbalance between ROS production and antioxidant systems activity have high impacts on the survival and the differentiation of B lymphocytes [@bib44]. Particularly, normal plasmocytes differentiation is associated with a silencing of several anti-oxidant enzymes, such as Gpx1 and Catalase [@bib45]. Therefore, the oxidative stress observed in SSc could promote the differentiation of B-cell into plasmocytes and lead to an increased antibody production, and amongst them, autoantibodies. Consistent with this idea, the level of immunoglobulin light chains in sera was showed to be increased by 1.3 fold in SSc patients compared to healthy controls in 2 independent studies [@bib46], [@bib47].

T-cells have also been described as involved in SSc [@bib48]. A compelling evidence of their involvement is shown by an attenuation of the disease following depletion of CD3 + T cells in the bleomycin-induced SSc mouse model [@bib49]. Data from human also strongly support a role for T cell in SSc, as exemplified by the clinical improvement induced by treatments targeting those cells like anti-CD52, anti-human thymocyte globulin and anti-CD25 Abs [@bib50], [@bib51], [@bib52]. Th2-type cytokines such as IL-4 and IL-13 are increased in SSc [@bib48]. These cytokines are first secreted by alternately activated macrophages, which induce lymphocytes differentiation into the Th2 subset responsible for activating macrophages inducing an activation loop between those two immune cells. Consistent with these data, an increase number of circulating Th2 lymphocytes subset is also observed in SSc, and correlates with the severity of lung fibrosis [@bib53]. Surprisingly, ROS limits Th2 differentiation. Indeed a depletion of the Gpx1 anti-oxidant enzymes induces a decrease differentiation of T lymphocytes into the Th2 subset [@bib54] but in the context of SSc, ROS seems to be unable to limit Th2 differentiation. An increase number of Th17 lymphoctes has also been shown in the blood, in the dermis and in the lung of patients with SSc. While variable data were found for circulating Treg cells [@bib55] they were found decreased in the skin lesions of SSc patients [@bib56]. As in SSc, a Th17/Treg imbalance has been observed in other inflammatory autoimmune skin diseases and restoring Th17 and Treg levels is a strategy used for therapeutic purpose in psoriasis [@bib57]. Oxidative stress could favor Th17 differentiation while limiting Treg differentiation as suggested by the increase of Treg cells and the decrease of Th17 cells observed following a treatment with the potent antioxidant proanthocyanidins in mice [@bib58], [@bib57]. Therefore, targeting the oxidative stress in SSc may restore the Th17/Treg imbalance and subsequently decrease both inflammation and autoimmunity observed in SSc.

4. ROS and fibrosis in SSc {#s0050}
==========================

4.1. ROS, fibroblasts and TGF-β signaling in SSc {#s0055}
------------------------------------------------

Fibrosis is an important clinical hallmark of systemic sclerosis and remains the major cause of organ failure and mortality of this disease [@bib59]. This excessive deposition of collagen and extracellular matrix (ECM) components in tissues is the consequence of an overactivation of fibroblasts and their differentiation into myofibroblasts in response to chronic inflammation or cell injury [@bib60]. In SSc, fibrotic process is thought to be initiated by vascular injury with ischemia reperfusion phenomena which is accompanied by an overactivation of NADPH oxidases (NOX) in endothelial cells and an important release of ROS [@bib61]. Increased production of ROS is responsible for fibroblasts activation and triggers the production of pro-inflammatory cytokines from immune cells such as IL-1β that in turn modulate the activity of ROS [@bib62], [@bib63]. Also, fibroblasts from SSc have been shown to be a potent source of ROS through an up-regulation of the isoforms 2 and 4 of NOX protein suggesting the existence of an active loop that maintain an overproduction of ROS in SSc [@bib64].

Emerging evidence indicates that ROS modulate the TGF-β pathway by MAPK activation and incidentally through ERK mediated SMAD phosphorylation [@bib65]. TGF-β is a potent pro-fibrotic cytokine that is involved in most fibrotic processes. TGF-β drives the chronic activation of fibroblasts and their differentiation into ECM-producing myofibroblats in SSc [@bib66] and increases the synthesis of IL-13 by T cells that in turns stimulate the collagen production by fibroblasts from SSc patients [@bib67]. Elevated expression of the three isoforms of TGF-β has been shown in the skin of SSc patients and the blockade of the TGF-β receptor impairs the SMAD signaling pathway and attenuates bleomycin-induced pulmonary fibrosis in mice [@bib68]. However, data on circulating level of the active isoform of TGF-β are controversial as it was showed to be decreased in SSc patients in one study [@bib69] and increased in another study [@bib70]. Accumulating data support the notion that TGF-β increases the generation of ROS by impairment of mitochondrial function with increase of O~2~ consumption [@bib71], NADPH oxidases induction [@bib72], and suppression of glutathione synthesis [@bib73] thus leading to a subsequent oxidative stress imbalance. This interplay between TGF-β and ROS is a major cause of the vicious circle that maintains and enforces the fibrotic process in SSc.

4.2. ROS, MMPs and TIMPs in SSc {#s0060}
-------------------------------

Altered degradation of ECM may also be involved in fibrotic disorders. ECM components remodeling is mediated by matrix metalloproteinases (MMPs) and their inhibitors (tissue inhibitors of metalloproteinases, TIMPs). One study showed that serum levels of MMP-9 and TIMP-1 were 3- to 4-fold more elevated in SSc patients compared to controls and correlated with circulating TGF-β and disease severity [@bib74]. Another study showed that skin lesions from patients with diffuse cutaneous SSc have decreased MMP-9 but elevated TIMP-1 expression compared to controls [@bib75] suggesting that the data are dependent on the stage of the disease and the explored tissue. MMP10 was showed to be overexpressed in the serum and pulmonary arteries of patients with SSc-associated pulmonary hypertension [@bib76]. MMP-12 levels were shown to be increased in patients with SSc and associated with severity of skin and pulmonary fibrosis as well as with peripheral vascular damage [@bib77]. Serum MMP-13 levels is lower in SSc patients, compared to healthy controls [@bib78]. MMPs and TIMPs involvement in SSc is further substantiated by several genetic associations of SNP in MMP and TIMP genes (for review, see [@bib79]). The influence of ROS in the MMP and TIMP production was not investigated in the context of SSc. However, ROS seems to play a key role in modulating the activity of MMPs through stimulation of MAPK pathway [@bib80], [@bib81], [@bib82]. Indeed, increased ROS levels in endothelial and keratinocyte cell lines were associated with the activation of the MAPKs (ERK and JNK), and the induction of MMP-9 at the mRNA and protein levels. Molecules targeting the ROS (ROS scavenger, SOD, NOX inhibitor) prevented the MAPK activation and thus the resulting MMP-9 induction. The stimuli used in these studies are different (heat shock, cadmium), but they demonstrate a general feature implicating ROS in the regulation of MMPs expression and activity. Furthermore, the study using Cadmium may be especially relevant for SSc as it was demonstrated that SSc patients exhibit higher levels of cadmium in their hair in a case control study [@bib83]. ROS are also involved in the activation of latent MMPs pro-enzymes through the proteolysis of the cystein-zinc active pro-enzymatic site [@bib84] and mediate the IL-1 β-dependent MMP-9 induction [@bib85]. ROS may then be involved in the imbalance in MMPs and their inhibitors in SSc patients and participate in the observed ECM remodeling with a maintained collagen production in diseased fibroblasts. All these data support a role of oxidative stress at multiple levels in SSc fibrosis.

5. Targeting oxidative stress to treat SSc {#s0065}
==========================================

As oxydative stress impacts all aspects of the pathophysiology of SSc, it constitutes an interesting therapeutic target ([Table 1](#t0005){ref-type="table"}). Despite a reduced concentration of classical antioxidants, such as antioxidant vitamins (ascorbic acid, α-tocopherol, and β-carotene) and minerals (zinc, selenium) in SSc patients, there is little evidence that their supplementation have beneficial effect on SSc development [@bib86]. A 6-month supplementation in α-tocopherol and ascorbic acid lead to a reduced skin thickening in a small group of patients with early diffuse SSc [@bib87]. Other studies performed on shorter time period (2 h to 10 weeks) failed to demonstrate any beneficial effects of these antioxidants [@bib88], [@bib89], [@bib90]. Amongst the possible explanations for these lacks of efficacy, the advanced stage of the disease, a malabsorption issues and an increased clearance in SSc patients were mentioned. Epigallocatechin-3-gallate (EGCG) is an antioxidant polyphenol present in green tea extracts (Camellia sinensis). It was shown to decrease oxidative stress in SSc fibroblasts [@bib91], and to reduce bleomycin-induced pulmonary fibrosis in rats [@bib92]. However, its clinical value remains to be explored. Pantethine, a derivative of vitamin B5, was shown to reduce oxidative stress in endothelial cells *in vitro* and in fibroblasts both *in vitro* and *ex vivo* from mice with HOCl-induced SSc [@bib93]. *In vivo*, pantethine also reduced HOCl induced skin and lung fibrosis.Table 1Summary of the therapies targeting the oxidative stress for systemic sclerosis.Table 1Molecules or strategyExperimental conditionsResultsReferencesα-tocopherol and ascorbic acidSSc patients (6-month treatment in early diffuse SSc patients)Reduced skin thickeningOstojic and Damjanov, 2011SSc patients (shorter treatment, more advanced disease)No beneficial effectsCracowski and al, 2005 / Herrick and al, 2000/ Mavrikakis and al, 2003Epigallocatechin-3-gallate (EGCG)SSc human fibroblastsDecreased oxidative stressDooley and al, 2010Bleomycin treated ratsDecreased fibrosisSriram and al, 2009PantethineEndothelial cells and fibroblasts from HOCl-induced SSc miceDecreased oxidative stressKavian and al, 2015HOCl-induced SSc miceDecreased fibrosis in skin and lungPropylthiouracil (PTU)HOCl-induced SSc miceDecreased aortic thickening and reduced myofibroblast differentiationBagnato and al, 2015N-acetylcysteine (NAC)SSc patients (intravenous treatment)Reduced ischemic ulcersRosato et al., 2009Sambo and al, 2001aImproved lung functionRosato et al., 2011Inhibit fibroblast proliferation and collagen synthesisSambo and al, 2001b/ Servettaz and al, 2007Activated lung macrophages from SSc patientsDecreased peroxynitrite productionFailli and al, 2002Bleomycin-induced SSc miceDecrease oxidative stress and fibrosisZhou and al, 2013NOX inhibition (NOX4 siRNA and pan-Nox inhibitor)Fibroblasts from SSc patientsDecrease ROS and collagen productionPiera-Velazquez and al, 2015Bleomycin-induced SSc miceDecrease skin fibrosis and myofibroblasts activationDosoki and al, 2017Dimethyl fumarate (DMF)Bleomycin-induced SSc miceReduced skin fibrosisToyama et al., 2018HOCl-induced SSc miceDecreased fibrosis and immune activationKavian and al, 2018Fibroblasts from the skin of HOCl-induced miceIncreased Glutathione, and reduced ROS production and cell proliferationSSc patientsNot available yetClinicalTrials.gov [NCT02981082](NCT02981082){#ir0005}

Propylthiouracil (PTU), an antithyroid drug and an inhibitor of lipid peroxidation, was showed to prevent aortic thickening and myofibroblast differentiation, thus reducing macrovascular alterations in the HOCl induced SSc mice model [@bib94]. However, data on SSc patients are lacking.

N-acetylcysteine (NAC), a scavenger of free radicals and a precursor of the major antioxidant glutathione, was shown to be beneficial for SSc patients when administered intravenously in several studies [@bib95], [@bib96], [@bib97], but given orally, it failed to have favourable effects [@bib98]. NAC inhibits fibroblast proliferation and collagen synthesis [@bib7], [@bib99] and reduces peroxynitrite production by activated lung macrophages from SSc patients *in vitro* [@bib100]. In the bleomycin-induced SSc mice model, NAC treatment diminished oxidative stress and attenuates skin fibrosis [@bib101].

As NOX-4 expression and production were found increased in SSc skin and cultured SSc skin fibroblasts, the effect of NOX-4 inhibition were also investigated. A small-molecule NOX-4 inhibitor decreased collagen and fibronectin production by normal and SSc fibroblasts, and NOX-4 siRNA knockdown reduced ROS and collagen production by SSc fibroblasts [@bib72]. In the bleomycin-induced SSc mouse model, pan-Nox pharmacological inhibition or genetic silencing of Nox-4 by siRNA attenuated skin fibrosis and myofibroblast activation [@bib102]. Nox-4 knockdown also reduced skin collagen synthesis, α-SMA and fibronectin 1 expression *in vivo*. Following the demonstration of a positive effect of a NOX-1 and NOX-4 inhibitor (GKT831, Genkyotex) in several mouse models of fibrosis and encouraging data on its safety [@bib103], its clinical investigation in the context of SSc are expected to begin in the upcoming years.

Dimethyl Fumarate (DMF), a FDA-approved anti-oxidative and anti-inflammatory agent, was shown to have beneficial effect on SSc in two independent studies in mice [@bib104], [@bib105]. It prevented bleomycin-induced skin fibrosis in mice, and blocked the pro-fibrotic effects of transforming growth factor-β (TGF-β) in SSc skin fibroblasts, through its action on the TGF-β/Akt1 pathway leading to degradation of TAZ and subsequent inhibition of the TAZ/YAP transcriptional targets [@bib105]. The increased level of TAZ/YAP detected in SSc skin biopsies suggests that this treatment could also work in patients. In addition, DMF acts through its agonist effect on Nrf2, the master transcriptional regulator of anti-oxidant genes. In HOCl-induced SSc mice, DMF reduced fibrosis and immune activation [@bib104]. The *ex vivo* treatment of skin fibroblasts from HOCl-induced SSc mice with DMF restores GSH intracellular content, decreases ROS production and cell proliferation. Nrf2 regulates GSH gene and Nrf2 knockout mice display an aggravated SSc phenotype upon HOCl treatment. DMF induced Nrf2 gene expression as well as its target genes in the HOCl-induced SSc mouse model, as well as in the SSc skin fibroblast derived from patients (but not from normal human skin fibroblasts). As a drop in *NRF2* expression and target genes mRNA levels was observed in skin fibroblasts of SSc patients, it also suggests that DMF treatment could be beneficial in patients. A Phase 1 double-blinded, placebo-controlled clinical trial on Systemic Sclerosis patients with Pulmonary Hypertension is ongoing and should be completed in 2020 [@bib106].

6. Conclusion {#s0070}
=============

Systemic sclerosis is a connective tissue disease characterized by vascular abnormalities, fibrosis of the skin and visceral organs and autoimmunity mainly against nuclear antigens. ROS play a crucial role in the pathophysiology of scleroderma, as they remain one of the major environmental triggers of the disease through toxic exposure of infection. ROS acts on all cellular targets of SSc. They activate endothelial cells leading to vascular hyperreactivity, endothelial cells apoptosis and impaired angiogenesis. They act on differentiation and proliferation of fibroblasts and on their synthesis of ECM proteins leading to fibrosis. They favor autoimmunity and chronic inflammation through the genesis of neoepitopes and the activation of B and T lymphocytes and macrophages. ROS appears as the master regulator of this severe disease and because scleroderma is a prototypical inflammatory and fibrotic disease that includes for example psoriasis, rheumatoid arthritis, Crohn\'s disease, ulcerative colitis, myelofibrosis, interstitial lung disease or liver cirrhosis, the pathological features observed in scleroderma may be extended for many of those frequent disorders as well as therapeutic opportunities using ROS modulators.
